The present article describes an approach to the evaluation of psychoacoustic data from the hearing impaired. The results obtained from the hearing impaired in several studies of • frequency resolution, temporal resolution, and speech recognition are compared to the results expected for noise-masked normal listeners. It is presumed in this approach that the hypothetical noise-masked normal listeners have masked thresholds that agree perfectly with the quiet thresholds of the hearing-impaired subjects. Using this approach, most of the results obtained from impaired ears on spectral-resolution and speech-recognition tasks could be accurately predicted, an exception being results from spectral-resolution paradigms using fixed-level signals. Some of the data from hearing-impaired listeners on temporal-resolution tasks, on the other hand, could not be adequately described with this approach. The latter data, however, were much more limited. Additional data are needed to better evaluate the adequacy of this approach in describing the performance of the hearing impaired on temporal- All of these reviews demonstrate that the ear with sensorineural hearing loss has, in addition to the threshold deficits and reduced dynamic range, additional deficits in spectral and temporal resolution. Indeed, it has often been suggested that these additional deficits may be responsible for the degraded speech-recognition performance of the hearing impaired. Most of these earlier reviews suggest that the observed deficits in auditory processing are a direct result of cochlear pathology. Humes (1982) , on the other hand, hypothesized that many ofthe apparent abnormalities in spectral and temporal resolution might be a consequence only of the elevated quiet thresholds of the impaired listeners and the differential stimulus levels used in testing normal and impaired listeners. . By using noise-masked normal listeners, test conditions with these two groups of listeners could be made identical in terms of the sound-pressure level and sensation level of the stimuli. The potential influence of restricted listening associated with the presence of elevated hearing thresholds adjacent to the signal frequency would also be equated for listeners with noise-simulated and actual hearing loss. These two groups with simulated and actual impairments would differ only in that one actually has cochlear pathology. Thus equivalent performance of the two groups would suggest that any observed "abnormality" on psychoacoustic tasks is primarily, if not entirely, a reflection of stimulus conditions and stimulus audibility and not a direct consequence of pathology. If, on the other hand, the impaired subjects perform more poorly than the noisemasked normal listeners, then the argument would be strengthened that the cochlear pathology not only produces elevated thresholds, but also significantly disturbs spectral and/or temporal processing of stimuli.
INTRODUCTION
There has been much interest in recent years in the psychoacoustic abilities of hearing-impaired listeners.
• Numerous reviews of this work have been published previously (Jesteadt, 1978; Scharf, 1978a All of these reviews demonstrate that the ear with sensorineural hearing loss has, in addition to the threshold deficits and reduced dynamic range, additional deficits in spectral and temporal resolution. Indeed, it has often been suggested that these additional deficits may be responsible for the degraded speech-recognition performance of the hearing impaired.
Most of these earlier reviews suggest that the observed deficits in auditory processing are a direct result of cochlear pathology. Humes (1982) , on the other hand, hypothesized that many ofthe apparent abnormalities in spectral and temporal resolution might be a consequence only of the elevated quiet thresholds of the impaired listeners and the differential stimulus levels used in testing normal and impaired listeners. It was also suggested by Humes that the psychoacoustic performante of noise-masked normal listeners with simulated hearing loss would help in evaluating this hypothesis. Several investigators have, in fact, used noise-masked normal listeners as a comparison group in such studies (Steinberg and Gardner, 1937 Schlauch and Wier, 1987) . By using noise-masked normal listeners, test conditions with these two groups of listeners could be made identical in terms of the sound-pressure level and sensation level of the stimuli. The potential influence of restricted listening associated with the presence of elevated hearing thresholds adjacent to the signal frequency would also be equated for listeners with noise-simulated and actual hearing loss. These two groups with simulated and actual impairments would differ only in that one actually has cochlear pathology. Thus equivalent performance of the two groups would suggest that any observed "abnormality" on psychoacoustic tasks is primarily, if not entirely, a reflection perfect match between actual and simulated hearing loss allows one to use the quiet thresholds of the impaired listeners as the masked thresholds of the hypothetical noise-masked normal listeners. There are many studies available in the literature in which the quiet thresholds of the impaired listeners and the masked thresholds from both normal and impaired listeners on the same psycheacoustic task are available. In the present article, the results of several of these studies are analyzed to determine how well sensorineural hearing loss can be modeled by noise-masked normal listeners. Prior to examining these studies in detail, however, the details of the predictive model used in this analysis are described.
i. THE MODEL
Given two sets of masked thresholds, one representing normal listeners' thresholds on a psycheacoustic task and one representing the simulated hearing loss, the task becomes one of predicting the masked thresholds for the combined maskers. Without directly measuring the combined effect of both maskers, a model is needed that will allow one to predict the combined masking effect. The model we have chosen to combine the two sets of masked thresholds is patterned after that of Penner (Penner, 1980 ; Penner and Shiffrin, 1980) and Lutfi ( 1983 Lutfi ( , 1985 . Briefly, these investigators have demonstrated that the combined masking effect of two maskers that do not overlap either spectrally (Lutfi) or temporally (Penner) is the simple sum of the two masked thresholds following nonlinear transformation of their corresponding sound intensities or sound pressures. A compressive power-law function has been used by Lutfi ( 1983 Lutfi ( , 1985 to represent the nonlinear transformation of masked threshold intensity. It has been demonstrated recently, moreover, that modifications of the Lutfi model of masking additivity enable that model to be applied to combinations of maskers regardless of their spectral or temporal overlap (Humes and Jesteadt, submitted). The same modified Lutfi model is used in this analysis and will be described shortly.
The masking-additivity model is applied in the present article regardless of the spectral or temporal overlap of the maskers involved. If the spectrally shaped broadband noise is to be used to simulate hearing loss, then that noise must be continuously present, just as the hearing loss is in actual impairments. Thus there should always be temporal overlap of the two maskers involved in the predictions. The amount of spectral overlap between the two maskers in the present application to the hearing impaired is more difficult, if not impossible, to determine. A gradually sloping hearing loss, for example, could be simulated using a masker with a gradually sloping spectrum or by using one with a very abrupt spectrum. In the latter case, spread of masking could produce the observed gradually sloping hearing loss. Equation (la) describes the modified Lutfi model for additivity of masking that is used in this study. Finally, Eq. (2a) is designed to yield predictions appropriate for paradigms in which the masker level used in the psycheacoustic paradigm is nxed in level. Because the analysis proceeds differently for paradigms employing fixed signal levels, the evaluation to follow has been divided into two major sections. The first section deals with paradigms with fixed masker levels while the second section examines paradigms with fixed signal levels.
II. PARADIGMS WITH FIXED MASKER LEVELS
A. Measures of spectral resolution 1. Critical ratio and critical bandwidth Several measures of spectral resolution have been obtained from hearing-impaired listeners since 1982 using fixed masker levels. These measures include the critical ratio for broadband noise, the critical bandwidth for bandlimited noise, measures of auditory filter shape, and masking patterns. In a recent study, for example, the critical ratio for broadband noise was measured in several impaired subjects (Tyler et al., 1982 ) . Signal threshold at 500, 1000, 2000, and 4000 Hz was measured in this study in the presence of a broadband masking noise having a spectrum level of 60 dB SPL/Hz. Data were obtained from ten normal-hearing young adults and sixteen hearing-impaired listeners. The lower panel of Fig. 1 provides a similar comparison between observations and predictions for a study by Hall and Fernandes (1983) . These investigators conducted a classical band-narrowing masking experiment patterned after that of Fletcher (1940) . In this paradigm, signal threshold is measured in the presence of a masking noise that is varied in bandwidth while holding the noise spectrum level constant. The figure shows mean masked thresholds for the hearingimpaired subjects and those predicted by Eq. (2a), plotted as a function afroasker bandwidth. Hall and Fernandes (1983) also varied the duration of the signal using values of 20 and 200 ms. The mean data and predictions for both signal durations are provided in the figure. There is good agreement between observed and predicted masked thresholds for both signal durations.
Auditory filter shape
In addition to measurements of the critical ratio and the critical bandwidth, several recent studies have measured auditory filter shapes in hearing-impaired listeners. These Data from Glasberg and Moore (1986) could also be used in this analysis. Sufficient data were available for only three of their subjects, all with a unilateral hearing loss. The masked thresholds for the auditory filter shape paradigm were obtained from the normal ear of each subject. 
$. Masking patterns
In addition to measures of auditory filter shape, several recent investigations have also measured masking patterns for pure-tone or narrow-band-noise maskers in hearing-impaired listeners. In the traditional masking-pattern paradigm, signal threshold is measured in the presence of a narrow-band masker for several signal frequencies above and below the masker's spectrum. Table II In comparison to spectral resolution, studies of temporal resolution in the hearing impaired are much fewer in number and more recent in origin. Detection of temporal gaps by the hearing impaired has probably been the most frequently studied phenomenon. As mentioned previously, the additive masking approach described in this article is designed to make predictions for paradigms that measure masked threshold. In the basic gap-detection paradigm, using a different paradigm to measure temporal resolution, temporal modulation transfer functions for broadband noise, Bacon and Viemeister (1985) were able to demonstrate the effects of such low-pass filtering on temporal resolution. These investigators found that when normal listeners were presented with a low-pass noise, their temporal resolution was equivalent to that measured with an unfiltered noise in a group of impaired listeners with high-frequency hearing loss. The cutoff frequency of the modulated low-pass noise approximated the upper end of the impaired subjects' audible bandwidth. In addition, to further restrict listening to the lower frequencies, a complementary high-pass masking noise was presented to the normal listeners. Thus, when both groups of subjects had comparable audible bandwidths and inaudibility of high frequencies, measures of temporal resolution were similar.
Masking by modulated maskers
Some studies have measured temporal resolution in the hearing impaired using paradigms in which a masked threshold is measured. In these cases, it is possible to make some quantitative predictions using Eq. (2a). Zwicker and Schorn (1982), for example, obtained an estimate of temporal resolution from a large number of hearing-impaired subjects (N = 171 ). They measured thresholds for 600-ms pure tones at 500, 1000, and 44300 Hz in quiet and in two noise masking conditions. One noise masker was a 100% rectangulady amplitude-modulated broadband noise with a 15.6-Hz modulation frequency (i.e., noise rectangularly gated on and off every 64 ms); and the other masker was a continuous, broadband noise presented at the same level as the first 
Summary
Greater-than-predicted forward masking and less-thanpredicted release from masking for modulated maskers were observed in impaired listeners. This suggests that temporal processing is impaired in sensorineural hearing loss to an extent that is greater than that which can be accounted for by a simulated hearing loss (specifically, a loss simulated by the introduction of broadband noise). While the model accurately describes the performance of normal listeners with simulated hearing loss, it fails to provide a good estimate of performance for the hearing impaired on various temporalresolution tasks. Compared to spectral resolution, however, relatively few measures of temporal resolution have been obtained from impaired listeners. More data are needed to evaluate the additive-masking approach before concluding that temporal processing is truly "abnormal" in the hearing impaired. Such studies should test listeners with both actual and simulated hearing loss.
C. Measures of speech recognition
In addition to increased interest in the psycheacoustic capabilities of listeners with sensorineural hearing loss, there has been a renewed interest in the speech-recognition difficulties experienced by the hearing impaired. The focus here is on measures of speech recognition involving monosyllabic words or sentences as the test stimuli. Specifically, Plomp (1978) has described a model of the speech-reception threshold (SRT) that has been the focus of several recent studies (Plomp, 1978 (Plomp, , 1986 ; Plomp and Mimpen, 1979a,b; Duquesnoy, 1983a,b; Plomp, 1983, 1986;  Humes, 1983; Moore and Glasberg, 1986b). The SRT from hearing-impaired listeners is measured in quiet and in one or more background noise levels and compared to comparable thresholds from normal listeners obtained under the same conditions. Generally, the hearing impaired are found to have higher SRTs than normal listeners in both quiet and noise. While the former is viewed in terms of the attenuation effects of the hearing loss, the higher SRT in noise is attributed to some unspecified distortion accompanying sensorineural hearing loss. The difference between the masked SRT of the impaired and normal subjects is termed SHE D by Plomp and his colleagues, for speech hearing loss due to distortion. In several studies, it has been suggested that SHED is a consequence of reduced frequency resolving power in the impaired ear Plomp, 1980, 1985; Festen and Plomp, 1986; Plomp, 1986) . Equation (2a), however, also predicts that SHE D will exist in the hearing impaired. In this case, it is not attributed to a specific and independent deficit in frequency resolution, but instead is a simple consequence of threshold elevation similar to that produced in a noise-masked normal ear. , 1986) . When the AI is applied to listeners with sensorineural hearing loss, an internal noise spectrum is usually generated that represents an internal masking noise capable of producing masked pure-tone thresholds in a normal ear equal to the quiet thresholds of the impaired listener (Fletcher, 1952 ). Thus it is very similar in concept to the approach described here. an AI-based explanation of SHLD for sloping sensorineural hearing loss.
III. PARADIGMS WITH FIXED SIGNAL LEVELS
A. Auditory filter shape Rather than fix the masker level and adjust the signal level to threshold, as in the typical filter-shape paradigm, Moore and Glasberg (1986a) (2a) , the masked threshold resulting from this combination will be 71 dB, the signal level used in the impaired ear. Again, without growth-of-masking functions for each notch width used in the study, it is not possible to determine the exact levels of the notched-noise masker required to produce a masked threshold of 60.5 dB. There is little question, however, that the notched-noise levels required will be considerably lower in the impaired ear than in the normal ear in which the required noise level must mask a signal of 74 dB.
B. Psychephysical tuning curves
Psychephysical tuning curves have been the focus of several recent studies of impaired listeners. Some of the features of these studies are summarized in Table III . The traditional approach to measuring psychephysical tuning curves in the hearing impaired has been to use signal levels that correspond to 10-dB sensation level for the normal listeners and for the hearing impaired and then compare the tuning curves measured in this way. Because the hearing-impaired subjects have elevated hearing thresholds, however, the sound-pressure level of the signal is much greater in these subjects than for the normal listeners. Physiological and psychephysical data both suggest that tuning of the auditory system becomes less sharp as the intensity of the input stimulus increases (Rhode, 1978 (Rhode, , 1980 Zwicker and Schorn, 1978; Khanna and Leonard, 19821 . Thus, under conditions of unequal signal levels, one would expect that the listeners tested at higher signal levels, in this case, the hearing-impaired subjects, would have broader tuning curves. Indeed, this was the typical finding in studies reviewed by Humes (19821 and in studies conducted similarly since that time (Table III) . Table III attempted to take the differences in signal level into account when comparing groups (Carney and Nelson, 1983; Stelmachowicz et al., 19851 . This was accomplished by testing the normal listeners with signal sensation levels ranging from 10 to approximately 60 dB. At the higher sensation levels, the soundpressure levels approximated those used with the hearing-impaired subjects. In both studies, the psychephysical tuning curves broadened at the higher signal levels, but were not as broad as those in the hearing impaired. Although this was interpreted as poorer frequency resolution in the Normal hearers were also tested at higher sensation levels (up to 50-60 dB SL) which approximated the SPLs used with the hearing impaired.
Two of the four studies listed in
impaired subjects, such an outcome is predicted by Eq. (2b). Despite the use of similar signal levels in these two studies, the sensation level for the normal listeners was much greater than that of the impaired subjects when the sound pressure levels were equivalent. Thus the influence of the quiet threshold of the normal listeners on the masked signal level was negligible at high signal levels. Such was not the case, however, for the hearing-impaired subjects. For these listeners, the high-signal sound-pressure level also corresponded to a low-signal sensation level (10 dB). This situation is analogous to that of the auditory filter shape study of Moore and Glasberg (1986a) Moore and Glasberg (1986a) also tried to control for the effects of signal level. They used a notched-noise masker of fixed level to elevate the signal threshold in the normal ear of three unilaterally impaired listeners to sound-pressure levels within 3-8 dB of those used in the impaired ears. The notched noise was also used with the impaired listeners. In all cases, the masked threshold produced by the notchednoise masker was l0 dB lower than the signal level used to measure the tuning curves (i.e., signal levels were l0 dB SL re: masked threshold produced by the notched noise alone). Equation (2b) can also be used for analysis of these data. ing curves for three different signal levels in quiet and in a broadband-noise background, report data consistent with the model's predictions. Specifically, they observed that lower masker levels were always needed in the noise background than in quiet to mask the signal and that the shapes of the tuning curves were the same at all signal levels when measured in a noise background. For the noise conditions, the sensation level of the signal was always the same, about 5 dB.
When Moore and Glasberg (1986a) measured tuning curves in ears with simulated and actual hearing loss at roughly the same signal sound-pressure level and sensation level, however, the tuning curves were not parallel. The impaired ear required lower masker levels than the ear with simulated loss; i.e., the tuning curves were broader. The model, therefore, does not provide an adequate description of the data from impaired ears for paradigms with fixed signal level when the signal is at low sensation levels. This shortcoming of the model is discussed in more detail in See. IV. Considered jointly, the findings of Green et al. ( 1981 ) and Moore and Glasberg (1986a) At higher input levels, however, the input-output functions all converge. For simulated and actual hearing losses, this is representative of the reduced dynamic range observed in such cases. At high input levels, the convergence of the functions implies that it makes little difference whether the noise underlying threshold elevation is externally or internally introduced. Thus, for paradigms using fixed and high masker levels, as has usually been the case in studies of the hearing impaired, an external noise should provide a reasonable simulation of the effects of the internal noise. For paradigms employing fixed-level, low sensation level signals, such as psychophysical tuning curves, this will not be the case. Modeling sensorineural hearing loss as threshold elevation due to internal noise requires further examination. It appears, though, that such a model could potentially describe even more of the data from impaired listeners than the external-noise model evaluated in this article.
Finally, equivalent performance of listeners with actual and simulated hearing loss should not be interpreted as an indication of normal processing abilities in either group. Rather, in every study reviewed in this article, the hearingimpaired listeners manifested poorer auditory-processing abilities than their normal-hearing counterparts when each group was tested under stimulus conditions producing best performance. The observed agreement between the data from the hearing-impaired listeners and the predictions for noise-masked normal listeners for many of the psychoacoustic measures reviewed here simply suggests that the deficits experienced by the hearing impaired are comparable to those experienced by noise-masked normal listeners. Both groups of listeners, those with actual and simulated hearing loss, have processing deficits when compared to the normal ear tested under stimulus conditions producing best performance. Attempts to improve the communication skills of the hearing impaired should take these deficits into account. •Data for only one of the two asymmetric notch conditions are shown in Fig. 2 . This was the condition that produced data most unlike that for the symmetric notch conditions. In all panels of Fig. 2 , the asymmetric condition was such that the signal was closest to the higher frequency edge of the notch.
